Two glucosyltransferase genes from Streptococcus mutans GS-5, gtfl and gtfC, have been previously isolated and sequenced in this laboratory. In the present communication a third gtf gene, gtJD, was isolated and characterized. Isolation of the gene involved a novel procedure utilizing the integration plasmid pVA891. A peptide expressed by the 1.7-kilobase DNA fragment from strain NHS1 (containing deletions in both the gtJB and gtfC genes) was initially identified in a pUC18 clone bank with antiglucosyltransferase antibodies. This fragment was integrated into the GS-5 chromosome following ligation into pVA891 and transformation, yielding strain DP2. The vector together with one complete and one incomplete copy of the gtf) gene was removed from the chromosome of strain DP2 following EcoRI digestion, religation, and transformation of E. coli HB101. The resultant plasmid, pNH4, expressed glucosyltransferase S (GTF-S) activity. The enzyme was purified to near homogeneity and was shown to synthesize water-soluble glucan exclusively in a primerdependent manner. The molecular mass (155 kilodaltons) and the kinetic parameters of the purified enzyme were similar to those observed for the GTF-S enzyme previously purified from culture fluids of strain GS-5.
Streptococcits mnutanis has been recognized as the principal causative agent of human dental caries (11) . This organism produces extracellular glucosyltransferases (GTFs; EC 2.4.1.5) which catalyze the synthesis of glucans from sucrose. Biochemical approaches have suggested that S. muittalns strains secrete at least two distinct GTFs which coop- eratively synthesize insoluble glucans involved in the colonization of tooth surfaces (11) . One of these, GTF-S, synthesizes primarily water-soluble s-1,6-linked glucans, while the other, GTF-I, is responsible for the formation of insoluble glucans containing primarily oa-1,3-glucose linkages (11) .
Enzyme purification and immunological comparisons have suggested that some strains of mutans streptococci may secrete three (19) or four (22) distinct GTFs. However, molecular genetic verification of these suggestions has not yet been reported. Two gtf genes coding for GTF-I and GTF-S activities have been recently isolated from Str-eptococcus sobriniuis MFe28 (4) , and the nucleotide sequence of the former gene has been determined (3) . In our laboratory two tandemly arranged gtf genes from S. mnitantis been isolated (1, 6) and their nucleotide sequences have been determined (20, 24) . One of these, the gtfB gene, codes for GTF-I activity, while the other gene, gtfC, codes for a GTF-SI enzyme which synthesizes predominantly insoluble glucan and significant amounts of soluble glucan. In addition, a GS-5 mutant which lacks all of the gtfC gene and most of the gtfB gene synthesized wild-type levels of watersoluble glucan (6) . Therefore, the phenotype of this mutant suggested that a third gtf gene coding for GTF-S activity must reside on the strain GS-5 chromosome.
The present communication describes the isolation and characterization of a S. miultanls GS-5 gene, designated gtfD, mined by the Somogyi-Nelson procedure as originally described (21) . GTF activity was determined as previously described (8) (2) with bovine serum albumin as the standard protein.
The effects of exogenous dextran T10 on soluble and insoluble glucan synthesis, the optimum pH, and K,,, values for the enzyme were determined as previously described (8) . The effects of (NH4)2S04 on insoluble glucan synthesis were evaluated as described previously (10) . Purification of cloned GTF-S activity. E. coli HB101 (pNH5) was harvested by centrifugation at 4,000 x g for 5 min after growth in Luria-Bertani broth (2 liters) at 30°C. (pH 7.5) . Proteins were eluted with a linear gradient of 0 to 0.4 M NaCl in the same buffer (500 ml), and fractions (8 ml) were collected at a flow rate of 50 ml/h. Sucrase-active fractions were pooled and concentrated through ultrafiltration membranes (PM10, XM100A, and Centricon 10; Amicon Corp., Danvers, Mass.) (fraction II). After centrifugation at 39,000 x g for 30 min, the supernatant fluid (500 RI) was applied onto a fast-protein liquid chromatography MonoQ column (Pharmacia LKB Biotech, Inc., Piscataway, N.J.) equilibrated with 20 mM Tris hydrochloride buffer (pH 7.5). The enzyme was eluted with a linear 0 to 0.5 M NaCl gradient in the same buffer. Fractions (2 ml) were collected at a flow rate of 0.5 ml/min. Sucrase-active fractions were pooled and concentrated through Centricon 10 Ultrafilters (fraction III). A sample (200 RI) of the concentrated sucrase-active fractions was then subjected to fast protein liquid-gel permeation chromatography over a TSK-G3000SW column. The column was equilibrated with 50 mM potassium phosphate buffer (pH 6.0) containing 0.5 M NaCI, and fractions were eluted with the same buffer. Fractions (2 ml) were collected at a flow rate of 0.5 ml/min. Sucraseactive fractions were then pooled and concentrated through Centricon 10 Ultrafilters (fraction IV).
Gel electrophoresis. Proteins were analyzed by sodium dodecyl sulfate-7% polyacrylamide gel electrophoresis (SDS-PAGE) essentially as previously described (1) . DNA fragments were analyzed on 0.5 or 0.7% agarose gels with Tris borate-EDTA buffer (13) .
Western and Southern blot analysis. Western blot (immunoblot) analysis was carried out as previously described (23 4888 , also reacted with a monoclonal antibody (MAb4) directed against the GTF-S purified from another S. mutans strain, PS-14 (provided by K. Fukushima, Nihon University Dental School, Matsudo, Japan). This antibody also reacted strongly with the GTF-S from strain GS-5 (data not shown). Following restriction mapping of plasmid pNH4888 isolated from the clone, a 1.7-kb GS-5 chromosomal DNA insert was identified. Western blot analysis indicated that the clone expressed a 66-kilodalton (kDa) protein which reacted with the monoclonal antibody (data not shown). However, this clone exhibited neither GTF nor sucrase activities.
Since previous results have indicated that the sizes of the GTFs of strain GS-5 are approximately 150 kDa (10) and clone 4888 appeared to express only a portion of the GTF-S protein from strain GS-5, a strategy was devised to utilize the 1.7-kb gene fragment to isolate the intact gtfD gene. This approach was based on the utilization of the integration vector pVA891 (12) . Since it was probable that the 1.7-kb GS-5 fragment contained the 5' end of the gtfD gene, integration of pVA891 containing this fragment into the GS-5 chromosome would result in the generation of two copies of the gtiD gene (one intact and one incomplete gene copy; Fig.  1 ). Therefore, the 1.7-kb fragment was isolated and ligated into pVA891 and the mixtures were transformed into strain GS-5. Several Em-resistant (Emr) transformants were isolated, and one of these, strain DP2, was selected for further investigation. Analysis of the culture fluids of this strain following SDS-PAGE and Western blotting with MAb4 revealed that this transformant secreted two extracellular proteins (155 and 55 kDa) which reacted with MAb4 (data not shown). These results suggested that the 1.7-kb DNA fragment did indeed contain the 5' end of the gtfD gene since an internal fragment would not have yielded transformants expressing a full-size GTF protein (155 kDa).
In order to isolate the intact gtfD gene, chromosomal DNA from strain DP2 was purified, cleaved with EcoRI, and self-ligated (Southern blot analysis with plasmid pNH4888 had indicated that the 1.7-kb insert hybridized with a 9.0-kb EcoRI fragment of GS-5 chromosomal DNA). The ligation mixtures were transformed into E. coli HB101, and Emr (200 ,ug/ml) transformants were screened for GTF activity. One of these, NH4, was shown to express GTF activity and was GS-5chromosomal DNA (Fig. 1) . The putative incomplete gene was removed from plasmid pNH4 after cleavage with EcoRI, filling in with the Klenow fragment, and SmaI digestion, followed by self-ligation. The resultant plasmid, pNH5, still expressed high GTF activity ( Table 1) .
Expression of the gtfD gene. The activity expressed by strain NH5 resembled the previously characterized GTF-S enzyme purified from strain GS-5 (10), since the clone synthesized primarily water-soluble glucan in a primerdependent manner (Table 1) . Staining following SDS-PAGE of crude extracts from strain NH5 revealed that a 155-kDa protein synthesized soluble (Fig. 2) but not insoluble (data not shown) glucan. Confirmation of the identity of the gtfD gene product was provided by the observation that the 155-kDa GTF band also reacted with MAb4. The antibody also detected a somewhat smaller protein band of approximately 140 kDa.
Fractionation of crude extracts from strain NH5 revealed that the majority of the GTF activity was found in the cytoplasm (68%), with somewhat lower amounts associated with the cytoplasmic membrane fraction (22%) and in the periplasmic space (10%). The synthesis of water-soluble The purified enzyme preparation yielded a single protein band following Coomassie blue staining of SDS-PAGE gels (Fig. 2) . The purified enzyme exhibited a molecular mass of approximately 140 kDa and synthesized water-soluble glucan exclusively.
Characterization of the purified GTF-S enzyme. Like the crude enzyme fraction, the purified GTF-S (fraction IV) synthesized soluble glucan in a primer-dependent manner (Table 1) . No detectable insoluble glucan was detected on SDS-PAGE gels following 24-h incubations in the presence of sucrose. Very little enzyme activity was detected in the absence of dextran T10, and the purified enzyme was stimulated approximately 22-fold in the presence of saturating Activity was determined with the GTF raidioactivity assay. Effects of dextran T10 on purified and crude GTF-S activities. The indicated amounts of dextran T10 were added to the reaction mixtures, and GTF activities were determined following 2-h incubations. Symbols: 0, purified GTF (fraction IV); A, crude GTF (fraction 1).
amounts of the primer (Fig. 3) . The purified enzyme exhibited a pH optimum of 5.5 to 6.0 and a K,,M for sucrose of approximately 2.1 mM. As with the GTF-S activity purified from strain GS-5 (10), insoluble glucan synthesis by the purified enzyme was stimulated in the presence of high concentrations of ammonium sulfate (data not shown).
Insertional inactivation of the gtfJ gene. In order to determine the role of the gtfD gene in cariogenicity, strain GS-5 mutants defective in this gene were constructed. A DNA fragment coding for Tc' from transposon Tn9O6 (14) was isolated and inserted within the gtfD gene (Fig. 4) . The 11.9-kb insertionally inactivated gtfD gene fragment was then isolated and transformed into strain GS-5. The resultant Tcr transformants exhibited the typical rough colonial morphology of S. tlIit(ltlis on mitis salivarius agar plates. The culture fluids from a representative transformant (GS-5DD) exhibited relatively low water-soluble-glucan synthesizing activity relative to the wild-type GS-5 strain (Table 3) . Mutant GS-5DD also exhibited reduced insoluble-glucan synthesis activity when assayed in the absence of the primer dextran T10. Nevertheless, this mutant exhibited significant sucrose-dependent adherence to glass surfaces, like the wild-type organism. Southern blot analysis of chromosomal DNA digests of strains GS-5 and GS-5DD confirmed the insertional inactivation of the gtfD gene in the transformants (Fig. 5) , since the EcoRI fragment harboring the gtfD gene increased in size in these mutants.
The insertionally inactivated gtJD gene fragment was also transformed into strain NHS1, which is unable to synthesize water-insoluble glucan but produces normal amounts of soluble glucan (6) . The resulting transformants, typified by strain NHS1DD, exhibited negligible GTF activity (Table 3) .
Homology of the gtfD gene with other streptococcal gtf genes. Since other oral streptococci are also capable of synthesizing water-soluble glucans (5) Sail:l Ss, SstI.
( Fig. 5) . Strain UA101 hybridized readily with the pNH5 probe and exhibited an EctoRI fragment of approximately the same size as that from strain GS-5. In contrast, no positive bands were detected for the S. sobriniuis and S. snIIIgiuis strains.
DISCUSSION
The present report describes the isolation of the gtfD gene from S. Iniutt'as GS-5 by a novel cloning procedure. Initially. attempts to identify a clone which expressed GTF-S activity The gi'f gene contained on plasmid pNH4 was clearly distinct from the previously isolated gtfB and gtfC genes by several criteria. The restriction map of the gtfD gene (Fig. 1) is distinct from those of the other two genes (1, 6) . Southern blot analysis of strain GS-5 DNA with a gtlD gene probe resulted in only a single positive band of approximately 9.0 kb (Fig. 5) . Since previous results (1) have indicated that the gtfB and gtfC genes are contained on 4.6-and 7.0-kb EcoRI fragments, respectively, it is clear that the gJtD gene does not share extensive homology with the other two gtf genes.
More significantly. the g41B and gtfC gene products synthesize primarily water-insoluble glucans (1, 6) . In contrast, the enzyme coded for by the gtfD gene synthesizes soluble glucans. In addition, the latter activity is strongly dependent upon the presence of the primer dextran T10 (Fig. 3) , while the activities of the GTF-I and GTF-SI proteins coded by the other two gtf genes are primer independent (1, 6) . Moreover, insertional inactivation of the gtJD gene resulted in a marked decrease in soluble glucan synthesis ( It was also of interest that the GTF-S protein expressed in E. coli did not appear to traverse the cytoplasmic membrane, since less than 10% of the total GTF activity was found in the periplasmic space. Previous results (1, 6) have also indicated that the products of the gtri and gtfC genes expressed in E. coli were found in the cytoplasm or associated with the membrane fraction. Therefore, although all three genes code for extracellular proteins in S. mutans, none of the three gene products is transported efficiently through the cytoplasmic membrane in E. c6li. It is possible that these three streptococcal extracellular proteins are not correctly processed for export in E. coli. Alternatively, since all three protein products appear to undergo aggregation when expressed in E. coli (1, 6 ; the GTF-S protein did not pass through the TSK-G3000SW column and was eluted only with high-ionic-strength salts), aggregation of the proteins might prevent passage through the cytoplasmic membrane of E. coli. Such aggregation may not occur in the cytoplasm of S. mutans if the proteins are processed differently than in E. coli. The secretion of the S. mutans GTFs in E. coli is currently under investigation in this laboratory.
The approximate molecular mass (155 kDa) of the GTF-S expressed in E. coli is similar to those of the GTF-I and GTF-SI enzymes (1, 6) . However, following purification of the cloned GTF-S protein, a molecular mass of 140 kDa was observed. This suggests that some proteolysis of the enzyme took place during purification. It is of interest that this molecular size is identical to that observed for the GTF-S enzyme purified from the culture fluids of strain GS-5 (10). Nevertheless, differential processing of the enzyme may occur in the two organisms.
The purified GTF-S enzyme from E. coli also exhibited a number of properties similar to those of the homologous enzyme from strain GS-5: (i) pH optimum, (ii) K,, for sucrose, (iii) primer dependence, (iv) stimulation of insoluble glucan synthesis in the presence of ammonium sulfate, and (v) relatively alkaline pl (8, 10) . Therefore, the results of the present communication clearly support the suggestion that the gtfD gene codes for the GTF-S activity of strain GS-5. In addition, the observation that inactivation of the gtfB, gtfC, and gtfD genes results in a GS-5 mutant which expresses negligible GTF activity (Table 3 ) strongly supports the conclusion that only three genes are involved in glucan synthesis in this strain. However, similar investigations of other strains will be required before these results can be generalized to all strains of S. mutans.
GS-5DD (gtfD mutant) was still capable of colonizing smooth surfaces in the presence of sucrose in vitro (Table 3) .
However, these results do not necessarily prove that the gtfD gene is not involved in the colonization of tooth surfaces. It will be necessary to compare the colonizing ability of this mutant with that of the parental organism in an animal model before such a conclusion is warranted.
It was of interest that the gtflD gene probe detected no positive bands after Southern blot analysis of selected strains of S. sobrinus and S. sanguis (Fig. 5 ). Since these two species are capable of synthesizing soluble glucans (5), it is likely that the gtf genes coding for GTF-S activity in the three species are not highly related. However, these genes could still share significant homology, since recent results have indicated more than 50% homology between the S. mutans and S. sobrinus genes coding for GTF-I activities (17) , although the genes exhibit only weak hybridization following Southern blot analysis (16) .
The isolation of the gtJD gene from S. mutans makes it possible to determine both the nucleotide sequence of the gene and the amino acid sequence of the GTF-S protein. This information will be compared with comparable data for the gtfB and gtfC genes in order to identify the amino acid sequences involved in the synthesis of both water-soluble and insoluble glucans.
